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• This study uses monthly AOT percentiles from the cumulative lognormal distribution.
• We minimize the uncertainty by integrating the cloud-independent model simulation.
• The weight trend model is used to minimize the cloud effect in the AERONET trend.
• The AERONET-classiﬁed and model-decomposed AOTs are used to identify the causes.
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a b s t r a c t
Recently, temporal changes in Aerosol Optical Thickness (AOT) have been investigated based on model
simulations, satellite and ground-based observations. Most AOT trend studies used monthly or annual
arithmetic means that discard details of the generally right-skewed AOT distributions. Potentially, such
results can be biased by extreme values (including outliers). This study additionally uses percentiles (i.e.,
the lowest 5%, 25%, 50%, 75% and 95% of the monthly cumulative distributions ﬁtted to Aerosol Robotic
Network (AERONET)-observed and ECHAM/MESSy Atmospheric Chemistry (EMAC)-model simulated AOTs)
that are less affected by outliers caused by measurement error, cloud contamination and occasional ex-
treme aerosol events. Since the limited statistical representativeness of monthly percentiles and means
can lead to bias, this study adopts the number of observations as a weighting factor, which improves
the statistical robustness of trend estimates. By analyzing the aerosol composition of AERONET-observed
and EMAC-simulated AOTs in selected regions of interest, we distinguish the dominant aerosol types and
investigate the causes of regional AOT trends. The simulated and observed trends are generally consistent
with a high correlation coeﬃcient (R = 0.89) and small bias (slope±2σ = 0.75 ± 0.19). A signiﬁcant de-
crease in EMAC-decomposed AOTs by water-soluble compounds and black carbon is found over the USA
and the EU due to environmental regulation. In particular, a clear reversal in the AERONET AOT trend per-
centiles is found over the USA, probably related to the AOT diurnal cycle and the frequency of wildﬁres.
In most of the selected regions of interest, EMAC-simulated trends are mainly attributed to the signiﬁcant
changes of the dominant aerosols; e.g., signiﬁcant decrease in sea salt and water soluble compounds over
Central America, increase in dust over Northern Africa and Middle East, and decrease in black carbon and
organic carbon over Australia.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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I1. Introduction
Aerosols, i.e., particulates suspended in the atmosphere, are ma-
jor contributors to air pollution, the reﬂecting of incoming solar ra-
diation to space that causes solar dimming (Andreae et al., 2005)
and the modifying of cloud microphysical properties (Ramanathan
et al., 2001a, 2001b) which can contribute to a cooling of the
Earth’s surface and regionally act against climate warming by
greenhouse gases (Kaufman et al., 2002). In the past decades
much effort has been devoted to the understanding of global
and regional distributions, the chemical composition and long-
term changes of the atmospheric aerosol. Remote sensing obser-
vations and model simulations have been basic to many studies
(e.g. Zhang and Reid, 2010; Mishchenko et al., 2007; Streets et al.,
2009; Thomas et al., 2010; Yoon et al., 2011, 2014; Hsu et al., 2012;
de Meij et al., 2012a; Wild et al., 2005; Pozzer et al., 2015).
Space-borne remote sensing instruments (for example, Ad-
vanced Very High Resolution Radiometer (AVHRR), Along Track
Scanning Radiometer-2 (ATSR-2), Multi-angle Imaging SpectroRa-
diometer (MISR), Moderate-resolution Imaging Spectroradiometer
(MODIS) and Sea-Viewing Wide Field-of-View Sensor (SeaWiFS))
have meanwhile measured the global distribution of aerosol op-
tical thickness (AOT) for decades. In particular trend estimates
based on long-term satellite retrievals are important to investi-
gate the impact on climate change and air quality. Mishchenko
et al. (2007) reported a decreasing trend of tropospheric AOT
from AVHRR data over the global ocean from 1981 to 2005, turn-
ing the global dimming into brightening of the Earth’s surface.
They concluded that the negative aerosol trend accelerated cli-
mate warming during this period. In contrast, Thomas et al.
(2010) found a positive trend from ATSR-2 over the global
ocean from 1995 to 2001, and pointed out that sensor calibra-
tion is a critical factor in trend estimates from satellite-derived
aerosol products. Zhang and Reid (2010), using MODIS and MISR
aerosol products with improved quality through radiometric cal-
ibration, presented a statistically negligible trend over the global
ocean, but signiﬁcant increasing trend over the Bay of Ben-
gal, the east coast of Asia and the Arabian Sea from 2000 to
2009. Hsu et al. (2012) showed reﬁned SeaWiFS-retrieved AOT
changes for both land and oceans from 1998 to 2010, and re-
ported a small positive trend over the global ocean, proba-
bly related to interannual variability by the El Nino Southern
Oscillation (ENSO) and/or the North Atlantic Oscillation (NAO).
Altogether, considerable uncertainty accompanies the satellite-
derived trends. Mishchenko et al. (2012) mentioned that the pre-
calculated look-up table (LUT) based on assumed aerosol opti-
cal properties, which is generally used in satellite based AOT
retrievals, could contribute to signiﬁcant uncertainty in trend es-
timates. In addition, Yoon et al. (2014) pointed out the inevitable
uncertainty caused by different and limited temporal sampling
of polar-orbiting satellites and cloud disturbance in the satellite-
derived trend in cloud-free AOT. Therefore, it remains to be chal-
lenging to estimate aerosol trends from satellite data.
Recently, research on temporal changes in global aerosol has
been complemented by model simulations. Streets et al. (2009)
showed that the pattern changes in anthropogenic aerosol emis-
sions and of precursor gases result in atmospheric AOT changes
from 1980 to 2006 using the Goddard Chemistry Aerosol Radia-
tion and Transport (GOCART) model. de Meij et al. (2012a) com-
bined MODIS and MISR derived results with AERONET-observed
and model-simulated AOT trends for the period 2000–2009. They
found signiﬁcant decreases over Western Europe and North-East
America linked to changes in SO2, NH3 and NOx emissions. Fur-
thermore, Pozzer et al. (2015) quantiﬁed the changes in the
aerosol emissions by decomposing the AOT trends into indi-
vidual aerosol components (i.e., black carbon, organic carbon,ust, aerosol water, sea salt, water soluble compounds). How-
ver, most studies of trends were based on arithmetic means,
hich are limited in the representation of generally right-skewed
OT distributions, and therefore the results can be biased by ex-
reme values and erroneous outliers.
This study uses several percentiles (i.e., the lowest 5%, 25%, 50%,
5%, and 95%) from the monthly cumulative lognormal distribu-
ion ﬁtted to the AERONET-observed all-points L2.0 and model-
imulated hourly data to derive statistically more robust trends
hat are less sensitive to outliers. Additionally, by integrating the
odel-simulated AOT independent of cloud cover, we minimize
ossible uncertainty in trend estimates related to underrepre-
ented aerosols below clouds (Remer et al., 1997; Dubovik et al.,
002). The AERONET-classiﬁed AOT by A˚ngström exponent, single
cattering albedo and ﬁne-mode fraction (Yoon et al., 2012; Lee
t al., 2010; Giles et al., 2012) and the modeled AOTs decomposed
nto aerosol components (Pozzer et al., 2015) are used to identify
he potential causes leading to the AOT trends over selected re-
ions of interest.
This paper is organized as follows: in Section 2, we describe
he AERONET data used for the trend estimate and aerosol type
lassiﬁcation between 1993 and 2013, and the EMAC model and
mission scenarios used for the global AOT simulations from
001 to 2010. In Section 3, the methods used in this study
re elaborated, e.g., ﬁtting the lognormal distribution to the
OT data to obtain the monthly percentiles, deriving the sta-
istical representativeness of monthly values in trend estimates
nd classifying various aerosol types from the AERONET-retrieved
ptical properties. In Section 4 the model simulations are eval-
ated through comparison with the AERONET-observed trends.
n Section 5 we analyze the regional trends in EMAC-simulated
nd AERONET-observed AOTs, and explore the effects of domi-
ant aerosol components on the trends. Section 6 summarizes the
esults and presents conclusions.
. AERONET data and model description
.1. AERONET AOT, SDA and INV L2.0 data
The AErosol RObotic NETwork (AERONET) program (http://
eronet.gsfc.nasa.gov/) is a global observational network of ground-
ased remote sensing instruments (i.e., sun photometers) which
easure sun and sky radiances at a number of visible and near-
nfrared wavelengths and therefore provides various atmospheric
erosol properties (e.g., AOT, A˚ngström exponent, single scatter-
ng albedo, ﬁne mode fraction, volume size distribution and so
n). In particular, the quality-assured (accuracy; ±0.01) and cloud-
creened (Holben et al., 1998, 2001; Eck et al., 1999; Smirnov et al.,
000) L2.0 AOT continuously observed at several AERONET sites
ince 1993 (up to now, around 1200 global-distributed AERONET
tations) has played an important role not only in the analysis of
lobal aerosol optical characteristics, but also in validation of satel-
ite retrievals. All these products are representative for the total
erosol column in the atmosphere. In this study, we have selected
ERONET stations that provide more than 5-year L2.0 AOT records
ractically and pragmatically enough to estimate the reliable trend
etween 1993 and 2013 as show in Figure S1 in the Supple-
ent. It shows the selected AERONET stations with monthly L2.0
OT, Spectral Deconvolution Algorithm (SDA) and Inversion (INV)
ata available since 1993. SDA retrievals are based on the spec-
ral AOT behavior from the direct-sun observations between 380
nd 870 nm and partition the ﬁne- and coarse-mode component
f AOT at 500 nm (O’Neill et al., 2003; http://aeronet.gsfc.nasa.
ov/new_web/PDF/tauf_tauc_technical_memo.pdf). The AERONET
NV products (e.g. aerosol volume size distribution, complex
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oefractive index, single scattering albedo and scattering phase func-
ion) are inverted from the direct and diffuse radiation simultane-
usly at some of the available wavelengths (340, 380, 440, 500,
75, 870, 1020 and 1640 nm) for the complete solar almucantar
cans (Dubovik and King, 2000; http://aeronet.gsfc.nasa.gov/new_
eb/Documents/Inversion_products_V2.pdf). These data are only
vailable under speciﬁc conditions, for instance AOT at 440 nm
s larger than 0.4, solar zenith angle is larger than 50° and ob-
erved AOTs at least at four wavelengths between 380 and 870 nm
re required. Therefore, it is diﬃcult to derive statistically rep-
esentative percentiles from the ﬁtted distribution (discussed in
ection 3.1) to the SDA and INV data since they may deviate
rom the true probability distribution due to the missing data.
n this study, we only analyze the SDA and INV data available
see Figure S1 in the Supplement) for the regions of inter-
st to distinguish the dominant aerosol type and investigate
he causes of the regional trend. Global distributions of the
elected AERONET stations and research region domains are
hown in Fig. 1, and detailed information about geolocation is
isted on Tables S1 and S2 in the Supplement.
.2. ECHAM/MESSy Atmospheric Chemistry (EMAC) model
The EMAC model is a combination of the ECHAM5 general cir-
ulation model version 5.3.02 (Roeckner et al., 2006) and MESSy2
ersion 2.42 (Jöckel et al., 2010). It has been used for simu-
ating atmospheric chemistry processes and investigating interac-
ions with ocean, land and human inﬂuences in many studies (see
ublications at http://www.messy-interface.org/). The model per-
ormance has been examined and evaluated by comparing with
arious surface aircraft, and satellite observations (Jöckel et al.,
006; Pozzer et al., 2007, 2009, 2012a, 2012b) and in particular
t has successfully reproduced the global distribution and tem-
oral change of AOT at 550 nm as observed by MISR, MODIS,
eaWiFS and AERONET (de Meij et al., 2012a; Pozzer et al.,
012a, 2015). Since the modeled AOT is not affected by cloud oc-
urrence and sunlight presence in contrast with the cloud-free
aytime AOT retrieved from the passive visible remote sensing
nstruments, the model can provide representative data for at-
ospheric aerosol. Furthermore, the trend estimates of EMAC-
imulated AOTs from 2001 to 2010 can be decomposed into several
erosol components (i.e., black carbon, organic carbon, dust, seaig. 1. Geolocation of AERONET stations (shown as green dots) and focal regions (red-line
f the references to color in this ﬁgure legend, the reader is referred to the web version oalt and water soluble compounds abbreviated to BC, OC, DU, SS
nd WASO, respectively) to help explain the dominant inﬂuences.
he aerosol components are computed by the Global Modal-
erosol eXtension (GMXe) aerosol submodel. GMXe calculates
erosol microphysics and gas-aerosol partitioning, and provides
erosol size and number distribution (Pringle et al., 2010a, 2010b).
he aerosol chemical composition is subdivided into soluble and
nsoluble modes, log-normally distributed over seven interacting
ulti-size modes, i.e., four soluble modes (nucleation, Aitken, ac-
umulation and coarse mode) and three insoluble modes (Aitken,
ccumulation and coarse mode). The aerosol compounds can be
reated as bulk species, e.g., black carbon, organic carbon, min-
ral dust and sea spray, and explicitly such as aerosol ions, hy-
rolyzed molecules and water-soluble compounds, e.g., SO2(aq),
2SO4, HSO3
−, NO3−, NH4+, Na+, Mg2+, Ca2+, Cl− and H2O.
In this study, the chemistry climate model (CCM) EMAC was
sed with a 10-min (1 hourly output) temporal resolution and a
63L31 spatial resolution, corresponding to a horizontal spacing of
pproximately 1.875° by 1.875° and a vertical layering by 31 levels
rom the surface to 10 hPa in the lower stratosphere. We adopted
he aerosol emission scenarios from the Aerosol Comparisons be-
ween Observations and Models (AEROCOM) for dust and sea-
alt (http://aerocom.met.no/and references therein), the Global Fire
missions Database (GFED version 3) for biomass burning (van der
erf et al., 2010) and the Representative Concentration Pathways
RCP) 8.5 for anthropogenic aerosols (Lamarque et al., 2011; Mein-
hausen et al., 2011; van Vuuren et al., 2011a, 2011b, and references
herein). For more detailed descriptions of the aerosol emission
cenarios, we refer to Pozzer et al. (2015).
. Methods
.1. Lognormal distribution and percentiles
While there have been many studies of aerosol effects
n human health, cloud formation and climate change, they
re mostly based on long-term mean values that can be
iased by the extreme values, e.g., related to desert dust
torms, forest ﬁres and strong pollution episodes (also in-
luding outliers). In particular, the frequency distribution of
OT is generally right-skewed (i.e. the tail on the right side
s longer than on the left), the mean value may not be a good-shaded squares) listed in Tables S1 and S2 in the Supplement. (For interpretation
f this article.)
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(measure of the central tendency. The lognormal distribution has
been empirically demonstrated to be a good reference for AOT
statistics using multi-year sunphotometer data at several AERONET
stations (O’Neil et al., 2000; Behnert et al., 2007; He et al.,
2012). The probability distribution function (PDF) ﬁtted to AOT
data is able to provide ideal quantities (i.e. percentiles) less
affected by the outliers (Manikandan, 2011), due to measure-
ment error, cloud contamination and occasional extreme aerosol
events.
To estimate the PDFs, we ﬁrst need to construct monthly his-
tograms with a bin size (size bin ) deﬁned as follows,
sizebin = (MAXδ − MINδ )/(Nbin − 1) (1)
where MAX δ , MIN δ and N bin denote the maximum, minimum
values of AOT (δ) and the number of bins, respectively. N bin is
determined by the square-root choice (Nbin =
√
n) that takes the
square root of the number of AOT data in a monthly sample group.
The monthly histogram constructed by counting how many AOT
data fall into each bin is used for ﬁtting to the lognormal distri-
bution by the non-linear least squares method (Markwardt, 2009),
and the PDF of the lognormal distribution (f X ) is deﬁned as fol-
lows,
fX (δ;m, s) = 1
δ
√
2πs
e
− (lnδ−m)2
2s2 , δ ∈ (0,+∞) (2)
where m and s are the mean (location parameter) and stan-
dard deviation (scale parameter) of the AOT natural loga-
rithm. The cumulative distribution function (CDF) of lognor-
mal distribution (F X ) for calculating the percentiles can
be derived from the PDF, and be expressed as
FX (δ;m, s) = 1
2
[
1 + erf
(
lnδ − m
s
√
2
)]
(3)
where erf is the Gauss error function. The monthly percentiles
(i.e., B05, Q1, MED, Q3 and T95 standing for the lowest 5%, 25%,
50%, 75% and 95%) are eventually calculated from the inverse
lognormal CDF (i.e., F−1
X
(0.05) F−1
X
(0.25) F−1
X
(0.50),F−1
X
(0.75)
and F−1
X
(0.95), respectively).
- B05 represents the Background AOT (BAOT), i.e. the persis-
tent continual aerosol that can be used to assess the back-
ground air quality and estimate the lower limit of radia-
tive forcing on climate. B05 can be a major source of er-
rors in the retrieval of surface properties from the mini-
mum satellite-measured TOA reﬂectance for certain periods via
atmospheric correction (Kim et al., 2014a, 2014b; Yoon et al.,
2007).
- Q1 is the ﬁrst quartile deﬁned as the middle value between the
smallest value and the median of the data set. It represents rel-
atively clean air with little aerosol loading.
- MED is the median. Contrary to the arithmetic mean that can
be distorted by outliers or skewed data, it provides a good mea-
sure of the central tendency in AOT distributions that are gen-
erally right-skewed.
- Q3 lies on the middle of the ranked dataset between MED and
the highest value. In this study, it refers to hazy conditions with
high aerosol loading.
- T95 stands for Extreme AOT (EAOT), i.e., severe air pol-
lution, which may be relevant to explore inﬂuences on
human health and climate change. In particular, the EAOT
trend can help deﬁne consequences for environmental
regulation, anthropogenic emission control and climate
mitigation.
Fig. 2 gives an example showing how to construct a his-
togram, how to ﬁt lognormal PDFs and calculate monthly per-
centiles from the lognormal CDF at Beijing station on April008. Generally, a few extreme values can cause larger skew-
ess and the mean becomes less representative of the rest of
he AOT values. In Fig. 2, the arithmetic mean is shifted to
he tail in the lognormal PDF and is even higher than Q3 in
he CDF. Therefore, the trend estimates using monthly means
or this location are probably distorted. In this study, we addi-
ionally used the percentiles to derive more statistically robust
rends.
.2. Trend model
In this study we applied a typical linear model used in
eatherhead et al. (1998, 2002) and several other publications
e.g. Zhao et al., 2008; de Meij et al., 2012a; Yoon et al., 2011,
012, 2014; Yoon and Pozzer, 2014; Pozzer et al., 2015) to estimate
he trend where χ 2 is minimized by
2(μ,ω) =
T∑
t=1
((Yt − μ − ωXt − St )/wtt )2. (4)
First, wt t represents the weighting factors to consider the
ffect of cloud occurrence. A large number of AERONET cloud-
ree AOT data is prerequisite for statistical representativeness of
he monthly means and percentiles. However, as demonstrated in
oon et al. (2012), the AERONET-observed number (n) is highly
nti-correlated with the cloud occurrence, and the simple linear
egression can induce a statistical bias in the trend estimate due
o less representative values in cloudy seasons. Using an esti-
ate of the marginal error at the 95% conﬁdence level (i.e.,
tt = 1/
√
n), we have minimized the uncertainty of cloud oc-
urrence in the AERONET-derived trend. Since there is no cloud
nﬂuence in model-simulated AOT, the weighting factor for the
odel simulation is deﬁned as one (i.e., wtt = 1). Yt, μ, ω and
t denote the monthly time series of AOT, the offset, the mag-
itude of the trend (i.e., AOT yr−1) and the number of years
n the time series (Xt = t/12 with t as month), respectively. St
s a seasonal component to consider the effect of the seasonal
ycles in the trend estimates, which is obtained by Fourier ﬁtting
s follows:
t =
4∑
j=1
[
β1, j sin (2π jt/12) + β2, j cos (2π jt/12)
]
. (5)
The bootstrap method (a.k.a. Monte Carlo error bars analysis)
Yoon et al., 2014; Lelli et al., 2014) is a straightforward way
o estimate the standard deviation and in this study a statisti-
ally signiﬁcant trend at the 95% conﬁdence level is determined
hen the absolute ratio of the trend to its standard deviation
s larger than two as deﬁned in Weatherhead et al. (1998, 2002).
Fig. 3 gives the simple linear and weighted trends using
ERONET monthly arithmetic mean (MEAN) as well as several per-
entiles (i.e. B05, Q1, MED, Q3 and T95 representing the low-
st 5%, 25%, 50%, 75% and 95% in the monthly cumulative dis-
ributions) at the Goddard Space Flight Center (GSFC) station
rom 1993 to 2011. Since the statistical representativeness of the
onthly percentiles and the monthly mean are generally sensi-
ive to the number of observations, the weighted trends can be
ore statistically robust than the simple linear one. In particu-
ar, the weighted trends of higher percentiles (MED, Q3 and T95)
re signiﬁcant (i.e. the absolute trends are larger than 2σ ) and ef-
ectively indicate that the relatively severe air pollution episodes
ave decreased, probably due to the environmental regulation
Yoon et al., 2012).
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Fig. 2. Normalized frequency (upper) and cumulative frequency (lower) of AERONET AOT (550 nm) at Beijing station on April 2008. The percentiles, i.e., B05, Q1, MED, Q3
and T95, represent the values at 5%, 25%, 50%, 75% and 95% in the monthly cumulative distribution, respectively. The MEAN value can different substantially from the median
in an asymmetrical distribution, and therefore it can fail to represent a statistical measure of central tendency due to positive skewness.
Fig. 3. Trend estimates (upper panel) of monthly mean and percentiles (i.e. B05, Q1, MED, Q3 and T95) at the GSFC station from 1993 to 2011. Because the number of
observations per month (bottom panel) determines the statistical representativeness of the monthly values, the uncertainty of cloud occurrence in AERONET-derived trend is
minimized by weighting (i.e., wtt = 1/
√
n).
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t.3. Aerosol classiﬁcation
In order to ﬁnd major causes that contribute to trends, we have
dditionally analyzed the classiﬁed AOT data by aerosol sizes and
ypes. Kaufman (1993) reported that the spectral dependence of
OTs describes a dominant particle mode (i.e., average size of the
erosol particles), which can be shown using the A˚ngström expo-
ent (αλ1λ3 ) between two different wavelengths λ1 and λ3, de-
ned as follows:λ1λ3 = −
log
(
δλ1/δλ3
)
log (λ1/λ3)
(6)
here δλ1 and δλ3 denote Aerosol Optical Thickness at
1 = 440 nm and λ3 = 870 nm, respectively. In general, a
λ1λ3
larger (smaller) than one refers to ﬁne (coarse) mode
erosol. Furthermore, Yoon et al. (2012) showed that the domi-
ant aerosol mode can be classiﬁed more effectively by adding
he difference between αλ1λ2 and αλ2λ3 (i.e., αλ1λ2 − αλ2λ3 at
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cλ1 = 440 nm, λ2 = 675 nm, and λ3 = 870 nm) using Mie code
(Mishchenko et al., 1999) with several combinations of aerosol op-
tical properties for typical aerosols (e.g., urban-industrial, biomass
burning, desert dust and oceanic aerosols) (Dubovik et al., 2002),
since the spectral dependence between different wavelength pairs
can be different according to aerosol composition and particle
size. In this study, we have applied the A˚ngström exponent and
the difference (αλ1λ3 and αλ1λ2 − αλ2λ3 ) to distinguish the ﬁne-
and coarse-mode dominant AOT using 50% of ﬁne volume faction
to total AOT based on the Mie simulations as shown in Fig. 4 (a).
The SDA (O’Neill et al., 2003) provides the ﬁne and coarse com-
ponents (δﬁne and δcoarse) of the total AOT (i.e., δtotal = δﬁne+δcoarse)
by a quadratic ﬁt of the spectral AOTs in 5 channels from
380 to 870 nm. Since the SDA separation technique requires
that speciﬁc criteria are satisﬁed (http://aeronet.gsfc.nasa.gov/new_
web/data_description_AOD_V2.html), not all stations are able to
provide the SDA data. Therefore, the SDA products obtained from
the oﬃcial AERONET web (http://aeronet.gsfc.nasa.gov/cgi-bin/
combined_data_access_new) have used to distinguish the regional
dominant aerosol-size component in this study only when the SDA
products are available (see Figure S1 in the Supplement).
Lee et al. (2010) and Giles et al. (2012) have success-
fully distinguished various aerosol types using the informa-
tion of aerosol optical properties (i.e., ﬁne-mode fraction at
550 nm, single scattering albedo at 440 nm and A˚ngström
exponent at 440–870 nm) from AERONET L2.0 INV data. These
studies have contributed to improve the accuracy of satellite-
retrieved AOT and the understanding of aerosol radiative forc-
ing of climate change. Lee et al. (2010) collected information of
typical aerosol properties from previous publications (Hess et al.,
1998; Higurashi and Nakajima, 2002; O’Neill et al., 2003; Jeong
and Li, 2005; Kim et al., 2007) and designed the classiﬁcation al-
gorithm based on dominant size mode and radiation absorptiv-
ity of aerosols. Fig. 4 (b) shows how Lee et al. (2010) determines
the aerosol types (i.e., black carbon, dust, mixture and non-
absorbing aerosols) using the thresholds of ﬁne-mode fraction
at 550 nm and single scattering albedo at 440 nm. Giles et al.
(2012) performed various clustering tests using aerosol optical
properties from 19 AERONET stations located in well-known sourceFig. 4. Schematic diagrams of the aerosol classiﬁcations based on the AERONET dataegions, and established a simple classiﬁcation method from the
ptimal separation between aerosol types (biomass burning, ur-
an/industrial, dust, and mixed aerosols) based on the single scat-
ering albedo at 440 nm and the A˚ngström exponent at 440–
70 nm, as shown in Fig. 4 (c). The classiﬁed AOTs using the
hreshold methods from Yoon et al. (2012), Lee et al. (2010), and
iles et al. (2012) can provide key clues to the leading causes of
egional aerosol trends.
. Evaluation of model-derived trend with AERONET
bservation
Many previous studies (Pringle et al., 2010a; de Meij et al.,
012b; Astitha et al., 2012; Pozzer et al., 2012a, 2015) have doc-
mented that the EMAC model is able to reproduce the spatial
istribution and temporal change of AOT through the extensive
valuations of the model-simulated results based on satellite- and
round-based observations. Therefore, in this section we brieﬂy
ompare the model simulations with AERONET observations to il-
ustrate the EMAC performance. Fig. 5 shows global mean dis-
ributions from monthly EMAC-simulated AOT mean and per-
entile values from 2001 to 2010. Small discrepancies between
he AERONET values and model simulations are found in highly
olluted and biomass burning regions (de Meij et al., 2012b;
ozzer et al., 2015) and can be partially attributed to the differ-
nt periods for individual stations (see Figure S1 in the Supple-
ent). Nonetheless, the AERONET-observed and model-simulated
OTs are generally in good agreement. As Pozzer et al. (2015)
ointed out, since good agreement between the model-simulated
nd AERONET-observed AOTs does not guarantee that the trends
re consistent, a trend evaluation is also needed. For a statistically
oherent comparison, we use three criteria as follows:
i) The AERONET stations are selected when they have data avail-
able for more than 5 years overlapping with the simulation pe-
riod 2001–2010.
ii) A simple linear model is applied to the model-simulated AOT
that is not inﬂuenced by cloud occurrence. On the other
hand, a weighted linear model is used to estimate the trenddeﬁned in (a) Yoon et al. (2012), (b) Lee et al. (2010) and (c) Giles et al. (2012).
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Fig. 5. Global mean distributions of EMAC-simulated AOTs, (a) MEAN, (b) B05, (c) Q1, (d) MED, (e) Q3, and (f) T95 from 2001 to 2010 with AERONET results shown as bullets
at the selected stations.
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cof AERONET cloud-free AOT since the statistical representative-
ness of the AERONET values are determined by the observation
number corresponding with cloud occurrence (see Section 3.2
and Eq. (4)).
ii) Only signiﬁcant trend estimates at the 95% conﬁdence level are
used for the comparison.
In Fig. 6 two scatter plots present the comparisons between
he trend estimates from (a) monthly arithmetic means and from
b) percentiles (i.e., B05, Q1, MED, Q3 and T95). As shown in
ig. 6 (a), the trend estimates of model-simulated AOT mean is
ighly correlated with the AERONET-observed trend (R = 0.93),
ut considerably underestimated by about 64%. As mentioned
bove, this can be attributed to arithmetic means that are biased
y the extreme AOT. Conversely, the trend estimates of model-
imulated and AERONET-observed percentiles have better linear
ts: a high correlation coeﬃcient (R = 0.89) and more compara-
le (slope ± 2σ = 0.75 ± 0.19) in Fig. 6 (b). This implies that
he percentiles from the lognormal distribution ﬁtted to the AOT
ata are better indicators of the statistical tendency, and therefore
rovide more robust trend estimates.
Fig. 7 displays the global distributions of EMAC-simulated
rends derived from monthly means and percentiles from 2001 to
010. Only the signiﬁcant AERONET weighted trend at the 95% con-
dence level during each observation period (see Figure S1 in the
upplement) is added to the map. A notable discrepancy between
he trends of EMAC-simulated and AERONET-observed means in
ig. 7 (a) can be found over central South America where intense
iomass burning is typical in the dry season accompanied with ex-
reme AOT loading (Davidson and Artaxo, 2004). Once again, this
hows the uncertainty in the trend estimate based on the arith-
etic mean inﬂuenced by the outliers. On the other hand, the
rend estimates of EMAC-simulated and AERONET-observed per-entiles in Fig. 7 (b)-(f) are generally consistent. In the next section,
he regional trend estimates from EMAC-simulated and AERONET-
bserved AOTs will be further discussed in view of the aerosol
omponents.
. Regional trends and aerosol components
The regional aerosol components classiﬁed by Yoon et al.
2012), Lee et al. (2010) and Giles et al. (2012) and those de-
omposed by the AERONET SDA retrieval (O’Neill et al., 2003)
re illustrated with percentage charts in Fig. 8 that shows the
ach aerosol contribution to the total AOT. Additionally, Fig. 9
rovides the regional percentage trends compared to the to-
al means of monthly AERONET-observed and EMAC-simulated
OTs (mean and percentiles) along with the statistical conﬁ-
ence. By comprehensively analyzing these informative ﬁgures,
e can identify the major aerosol types that contribute to tem-
oral AOT changes by regions. EMAC-simulated AOT trends de-
omposed into the aerosol components (i.e., black carbon, organic
arbon, dust, water soluble compounds and sea salt abbreviated
o BC, OC, DU, WASO and SS, respectively) are presented in the
upplement.
.1. Eastern and Western USA
EUSA and WUSA are representative for the Eastern and
estern USA where ﬁne aerosol particles are dominant (e.g.,
lack carbon from biomass burning and urban-industrial pol-
utants from traﬃc and industry) as reported in Zhang et al.
2012) and Yoon et al. (2012). The identical aerosol types are
onsistently analyzed in this study (see Fig. 8). The AERONET
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Fig. 6. Comparison between signiﬁcant AERONET and EMAC trend estimates at the
95% conﬁdence level from (a) monthly arithmetic means and from (b) percentiles
(i.e., B05, Q1, MED, Q3 and T95) with linear regression line (red). AERONET stations
are selected when they have data available for more than 5 years overlapping with
the simulation period 2001–2010 (see Figure S1 in the Supplement).
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(trends from B05 to T95 AOTs are largely different in the range of
about −2.16 to +1.83% yr−1 for WUSA and +1.27 to −2.23% yr−1
for EUSA (see Fig. 9). This tendency is most statistically signiﬁ-
cant over EUSA (signiﬁcance from 1.04 to 1.78). In both regions a
decrease in anthropogenic pollutant emissions, controlled through
environmental regulation, has been identiﬁed in previous studies
(Streets et al., 2003; Zhao et al., 2008; Yoon et al., 2012; Pozzer
et al., 2015). Nonetheless, an increase in T95 AOT over WUSA is
found and can be explained by more extensive and more frequent
wildﬁres over the western US from 1984 to 2011 (Dennison et al.,
2014). Since wildﬁres often produce extreme aerosol loading of the
atmosphere, they more strongly inﬂuence the trend of higher AOT
percentiles. Conversely, over EUSA a notable increase in AERONET
B05 and Q1 AOTs, representing instances of relatively unpolluted
atmospheric conditions, is found and indicates that background
AOT (BAOT) still increases in spite of strict regulation, possibly re-
lated to long distance transport from upwind pollution sources.
Generally, AOT in urban areas is lowest around sunrise before an-
thropogenic emission starts as shown by diurnal cycle analysis of
AERONET AOT at GSFC by Smirnov et al. (2002). Pollution is of-
ten accumulated during nighttime when the atmospheric convec-
tion decreases and the urban boundary layer is stable and shallow
(Hausfather et al., 2013). The EMAC model generally reproduces aegative trend of total AOT over most of the USA, while only sig-
iﬁcant trend estimates at the 95% conﬁdence level are found for
USA (TMEAN±σ = −21.831 ± 8.271, TQ1±σ = −8.480 ± 3.644,
MED±σ = −18.554 ± 6.159, and TQ3±σ = −33.322 ± 12.677 in
0−4 yr−1, see Table 1). Nonetheless, in both regions, a signiﬁ-
ant decrease in the BC and WASO components is apparent (see
igures S2 and S5 in the Supplement). This is consistent with pre-
ious studies (Smith et al., 2001; Streets et al., 2009; Zhao et al.,
008; Yoon et al., 2014) reporting a signiﬁcant decrease in AOT
ver the USA due to the reduction of anthropogenic aerosol emis-
ions.
.2. Central America
Various types of anthropogenic and natural aerosols are found
ver Central America (CAM), from sources such as biomass burning
rom tropical biomass region, traﬃc and industrial activity in and
ear urban regions, as well as sea salt in coastal areas and mineral
ust transported from the Sahara Desert (Formenti et al., 2001;
ergstrom et al., 2010; Barnard et al., 2008; Aiken et al., 2010).
he biomass burning AOT in this region contributes the largest
roportion to the classiﬁcation results (see Fig. 8). The classiﬁca-
ion methods designed for AERONET inversion level 2 data do not
onsider sea salt and biogenic aerosols, generally associated with
mall aerosol loading, because the inversion data are only avail-
ble when AOT at 440 nm > 0.4. This results in overestimation
f the dust fraction and the absence of sea salt in Fig. 8 (c). The
eighted trends of cloud-free AERONET AOTs are generally positive
rom +0.77 to +5.10% yr−1. In contrast, EMAC-simulated AOTs in-
icate a decrease by about −1.16 to −2.31% yr−1, which agrees well
ith the ﬁndings of Zhao et al. (2008). This is largely attributed to
signiﬁcant trend in the WASO and SS AOTs at the 95% conﬁdence
evel (see Figures S5 and S6 in the Supplement). The large differ-
nces between AERONET and EMAC trends can at least partially
e explained by the small number of AERONET stations, being in-
uﬃcient to derive a representative trend for CAM, and also for
outh America, Southern Africa, Asia and Australia. This is a prac-
ical limitation to trend estimates using AERONET data, and there-
ore more AERONET stations providing continuous data over exten-
ive periods of time will be needed to evaluate satellite-retrieved
nd model-simulated aerosol trends. In Fig. 9 the AERONET trend
stimates from less than 5 stations in each region are shown with
red cross within a circle.
.3. South America
South America, here subdivided into a northern and southern
egion (NSAM and SSAM), has attracted much attention as it in-
ludes the world’s largest rainforest that plays an important role
n the global carbon cycle and climate change (Ahlm et al., 2009;
ltahir and Bras, 1996; Li and Fu, 2004; Nepstad et al., 1999). In
articular, massive biomass burning and urban-industrial aerosols
mitted from rapid deforestation, agriculture and economic devel-
pment in the last decades have been discussed in many previous
tudies (e.g., Davidson and Artaxo, 2004; Kirby et al., 2006; Yoon
t al., 2014). Similar dominant aerosol types are identiﬁed in Fig. 8
d) and (e). The trends of AERONET and EMAC AOT are very dif-
erent over NSAM, even in opposite directions as shown in Fig. 9.
ecause a high cloud occurrence and variability over the tropi-
al rain forests may cause considerable uncertainty in the trend
stimates of cloud-free AERONET AOT (Yoon et al., 2014), which
akes it diﬃcult to derive a robust trend from the AERONET data
and too small number of stations). In both regions EMAC trends
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Fig. 7. Global distributions of EMAC-simulated trends derived from monthly mean and percentiles (i.e., (a) MEAN, (b) B05, (c) Q1, (d) MED, (e) Q3 and (f) T95) from 2001
to 2010. Signiﬁcant trends at the 95% conﬁdence level are shown with plus symbols, and only signiﬁcant AERONET weighted trends during each observation period (see
Figure S1 in the Supplement) are shown with diamond symbols.
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sostly show an increase contributed by the changes in BC and
ASO AOTs, though not signiﬁcant at the 95% conﬁdence level (see
igures S2 and S5 in the Supplement).
.4. Western and Eastern Europe
The Western and Eastern European regions (WEU and EEU)
re inﬂuenced by various aerosols related to industrial and traﬃc
erosols caused by human activity (Marmer et al., 2007; Karnieli
t al., 2009; Hayn et al., 2009; Richter et al., 2005), smoke from
gricultural and forest ﬁres (Pace et al., 2006; Tafuro et al., 2008;
hubarova et al., 2011a, 2011b; Zhou et al., 2012; Barnaba et
l., 2011) and desert dust mainly transported from the Sahara
Hatzianastassiou et al., 2009). These aerosol types are corrobo-
ated by Fig. 8 (f) and (g). The negative trends of AERONET and
MAC AOTs in Fig. 9 are in good agreement apart from small dif-
erences in magnitude, mostly related to the signiﬁcant decreases
n BC and WASO AOTs (see Figures S2 and S5 in the Supplement), a
onsequence of anthropogenic emission regulation (de Meij et al.,
012a; Pozzer et al., 2015) and reduced ﬁre activity (https://ec.
uropa.eu/jrc/en/news/2013-forest-ﬁres-halved-in-the-EU)..5. Africa and Middle East
Northern Africa and Middle East (NAME) is a typical desert area
here mineral dust is the dominant aerosol type (Washington
nd Todd, 2005; Derimian et al., 2006; Sabbah et al., 2006;
afuro et al., 2006). Central Africa (CAF) is also inﬂuenced by dust
ransported from the Sahara and additionally by biomass burning
erosols from forest ﬁres and agricultural activity during the dry
eason (Reeves et al., 2010; Johnson et al., 2008). In Southern
frica (SAF) ﬁne-mode aerosols are generally dominant, i.e., from
iomass burning in the dry season and industrial pollution from
ossil fuel combustion (Eck et al., 2001, 2003; Piketh and Walton,
004; Vakkari et al., 2011). Fig. 8 (h), (i) and (j) consistently
dentiﬁes the dominant aerosol types in these regions. The clas-
iﬁcation of dust AOT over CAF is considerably overestimated
ince the AERONET stations selected for CAF are mostly located
n the western part of central Africa (see Fig. 1). The positive
rends in AERONET AOT are signiﬁcant and range from 1.71 to 2.23
conﬁdence intervals: ∼90–98%). A signiﬁcant increase of EMAC
U AOT is found only over the Eastern Sahara where the trend is
trongly dominated by changing meteorological condition, i.e. a
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Fig. 8. Percentage fractions of regional aerosol components classiﬁed by Yoon et al. (2012) (coarse- and ﬁne-mode dominant AOTs abbreviated to CdAOT and FdAOT), Lee
et al. (2010) (dust, mixture, black carbon, non-absorbing and uncertain AOTs abbreviated to DU, MI, BC, NA and UN AOTs, respectively), and Giles et al. (2012) (dust, mixed,
biomass burning, urban/industrial and uncertain AOTs abbreviated to DU, MI, BB, UI and UN AOTs, respectively) and decomposed by AERONET SDA (coarse- and ﬁne-mode
AOTs abbreviated to CAOT and FAOT) over the regions deﬁned in Fig. 1.
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1decrease in precipitation (Pozzer et al., 2015), while trends in the
rest of the region are insigniﬁcant (see Figure S4 in the Supple-
ment). This is why some differences in magnitude and signiﬁcance
between AERONET and EMAC trends are shown over the NAME.
The AERONET stations over CAF provide an inconsistent tendency
in AOT trends of the mean and percentiles, while the EMAC trends
show a clear decrease due to a decrease in BC and DU AOTs
(about −0.068 to −0.076 for BC and −7.570 to −11.531 for DU
AOTs in 10−4 yr−1). In particular, the BC decrease is related to
reduced ﬁre activity, corroborated by a decrease in annual burnedrea (−1.4 to −1.7% yr−1) from 1996 to 2012 over Northern Hemi-
pheric Africa (Giglio et al., 2013). On the other hand, Giglio et al.
2013) report an increasing annual burned area (+1.8 to +2.3%
r−1) over Southern Hemispheric Africa. This is consistent with our
ndings in AERONET AOT and EMAC BC AOT trends over SAF, but
ot in EMAC total AOT trends due to inconsistent WASO trends
i.e., TMEAN±σ = −0.269 ± 1.120, TB05±σ = +0.206 ± 0.569,
Q1±σ = +0.197 ± 0.696, TMED±σ = +0.039 ± 0.975,
Q3±σ = −0.266 ± 1.518, and TT95±σ = −0.885 ± 3.104 in
0−4 yr−1).
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Fig. 9. Regional percentage trends compared to total means of monthly AERONET-observed and EMAC-simulated AOTs (1. MEAN, 2. B05, 3. Q1, 4. MED, 5. Q3 and 6. T95)
with statistical conﬁdence (i.e. ABS(trend)/σ trend). The red cross symbols within circles indicate the AERONET trend estimates from less than 5 stations, which marginally
represent the regional tendency. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Regional trend estimates of the EMAC-simulated total AOT with 1 standard deviation in 10−4 yr−1.
Research regions Total AOT
TMEAN ± σ TB05 ± σ TQ1 ± σ TMED ± σ TQ3 ± σ TT95 ± σ
WUSA −1.011 ± 6.745 −0.384 ± 1.540 −0.609 ± 2.853 −0.200 ± 5.042 −0.437 ± 9.830 −5.886 ± 29.235
EUSA −21.831 ± 8.271 −3.260 ± 2.066 −8.480 ± 3.644 −18.554 ± 6.159 −33.322 ± 12.677 −55.451 ± 40.647
CAM −15.266 ± 6.817 −7.656 ± 4.468 −11.015 ± 5.449 −14.364 ± 6.770 −18.211 ± 9.516 −24.309 ± 19.638
NSAM +7.091 ± 12.476 +0.837 ± 5.505 +1.919 ± 7.775 +3.832 ± 10.865 +7.551 ± 16.085 +20.007 ± 32.657
SSAM +7.142 ± 8.752 −0.648 ± 1.937 −0.357 ± 2.965 +1.808 ± 5.165 +7.370 ± 11.236 +28.835 ± 34.521
WEU −21.032 ± 10.459 −2.876 ± 3.913 −8.738 ± 5.836 −15.348 ± 8.886 −24.230 ± 15.995 −45.628 ± 44.501
EEU −14.344 ± 12.166 −3.630 ± 4.745 −8.941 ± 7.597 −14.482 ± 10.826 −19.054 ± 18.516 −19.219 ± 49.547
NAME +9.480 ± 15.060 −3.281 ± 10.379 +0.095 ± 11.854 +5.962 ± 15.386 +15.869 ± 22.284 +31.543 ± 42.495
CAF −18.920 ± 13.030 −16.399 ± 10.169 −18.621 ± 11.062 −19.236 ± 13.047 −19.632 ± 17.601 −20.845 ± 31.835
SAF −2.989 ± 7.161 +0.821 ± 3.419 +0.600 ± 4.221 −0.467 ± 5.763 −2.799 ± 9.628 −11.093 ± 24.407
SAS +11.478 ± 14.051 −4.338 ± 8.275 −1.873 ± 10.120 +5.108 ± 13.037 +16.553 ± 19.481 +48.873 ± 42.795
EAS +28.248 ± 19.644 +5.554 ± 8.625 +10.917 ± 12.373 +17.915 ± 17.720 +31.027 ± 29.753 +70.043 ± 81.669
SEAS −20.466 ± 13.585 −4.913 ± 5.381 −10.214 ± 7.988 −17.021 ± 11.821 −26.843 ± 18.357 −46.692 ± 36.195
AUS −7.947 ± 5.903 −1.063 ± 2.517 −2.248 ± 3.305 −4.324 ± 4.743 −8.435 ± 8.317 −20.116 ± 22.298
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i.6. South, East and Southeast Asia
South and East Asia (SAS and EAS), including the most densely
opulated regions in the world, are well-known for the rapid in-
rease of human activities related to the growth of the economy,
ndustry and agriculture, associated with massive emissions of an-
hropogenic aerosols and precursor gases (Yoon et al., 2014; Pozzer
t al., 2015). In addition, mineral dust transported from the sur-
ounding Asian deserts is a typical natural aerosol type in these
reas (Zhang et al., 2003; Yoon et al., 2012). Substantial atten-
ion has also been paid to the Southeast Asian (SEAS) rainforest,
hich is an important source of volatile organic compounds and
econdary organic aerosol (Whitehead et al., 2010). Another domi-
ant aerosol type is from biomass burning and biofuel use (Taylor,010; Giglio et al., 2006a, 2006b). Fig. 8 (k), (l) and (m) reﬂect
hese aerosol types by regions, apart from organic carbon (OC) over
EAS because it is not considered in the classiﬁcation due to lack-
ng information of OC optical properties (Lee et al., 2010; Giles
t al., 2012). The AERONET AOT over SAS generally follows an in-
rease, consistent with positive trends in EMAC WASO and BC AOTs
about +0.020 to +0.238 for BC and +0.009 to +14.008 for WASO
n 10−4 yr−1). Negative trends in the lower EMAC percentiles (i.e.
05 and Q1 AOTs) are attributed to the decrease in DU AOT (−1.100
or B05 and -1.934 for Q1 AOT in 10−4 yr−1) related to mete-
rological changes that affect the aerosol lifetime (Pozzer et al.,
015). Similar tendencies in WASO and BC AOTs are estimated over
AS (+1.821 to +11.485 for WASO and +0.133 to +0.597 for BC
n 10−4 yr−1), in contrast with a consistent decrease in AERONET
44 J. Yoon et al. / Atmospheric Environment 125 (2016) 33–47
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DAOTs. This can be explained by the few AERONET sites selected for
EAS, being mostly located in North China, that are not enough to
cover the densely populated urban and industrial regions mainly
located in central China and along the Paciﬁc coast. Over SEAS,
negative trends of AERONET and EMAC AOTs are in good agree-
ment. They are mainly attributed to the decrease of the domi-
nant aerosols (about −0.120 to −0.583 for BC, −0.935 to −4.311
for OC and −0.874 to −2.395 for WASO AOTs in 10−4 yr−1) (see
Figures S2, S3 and S5 in the Supplement).
5.7. Australia
Mineral dust over central Australia and organic/black carbon
over northern Australia are the major types of atmospheric aerosol
over Australia (AUS) (Qin and Mitchell, 2009; Giglio et al., 2006a,
2006b). It should be noted that the AERONET station (Birdsville)
used for the aerosol classiﬁcation and the trend estimates is lo-
cated at the edge of the Simpson Desert, and the AERONET re-
sults in Fig. 8 (n) and 9 (n) are therefore not representative for
the whole of AUS. Consistent decreases in EMAC AOT mean and
percentiles are calculated, which are mainly caused by the signiﬁ-
cant decreases in BC and OC AOTs (about −0.039 to −0.356 for BC
and −0.470 to −4.316 for OC AOTs in 10−4 yr−1) (see Figures S2
and S3 in the Supplement). The trends are enhanced by the de-
crease in DU AOT (about −0.114 to −2.105 in 10−4 yr−1) (see
Figure S4 in the Supplement).
6. Summary and conclusions
This study aims to estimate and analyze trends in AOT from
AERONET observations between 1993 and 2013 and EMAC simu-
lations from 2001 to 2010. We introduced several different per-
centiles (i.e. B05, Q1, MED, Q3 and T95 that refer to the lowest
5%, 25%, 50%, 75% and 95% in the monthly cumulative distribu-
tions) to reﬁne trend estimates, being superior measures of cen-
tral tendencies in generally right-skewed AOT distributions com-
pared to the monthly arithmetic mean. The monthly percentiles
were obtained from the lognormal distribution ﬁtted to the AOT
data (L2.0 all observation points for AERONET and hourly out-
put from EMAC) for each month. The ﬁtted probability distribu-
tion functions (PDFs) produce adequate data with reduced sen-
sitivity to extremely high AOTs and outliers, possibly caused by
measurement errors, cloud contamination and occasional non-
typical aerosol events such as dust storms, forest ﬁres and intense
pollution episodes.
Since the number of data used in the ﬁtting process determines
the statistical representativeness of the mean and percentiles for
each month, it has been used to weigh the trend estimates. Fur-
thermore, the AERONET-classiﬁed and model-decomposed AOTs
provide useful information of dominant aerosol types in selected
regions, and therefore help to ﬁnd the leading causes of changes.
Before analyzing the regional trends, we conducted a comparison
between the model-simulated and AERONET-observed trends that
are statistically signiﬁcant at the 95% conﬁdence level, and found
better agreement between the trends derived from monthly per-
centiles than monthly arithmetic means. An overall decrease for all
AOT percentiles was consistently estimated over the USA and Eu-
rope, most likely due to environmental regulation. This is consis-
tent with a signiﬁcant decrease in EMAC-decomposed WASO and
BC AOTs.
An additional interesting result is the opposite directions in
trend estimates of different AERONET AOT percentiles in EUSA
and WUSA, which may be related to the diurnal cycle of AOT
and occurrence frequency of extreme aerosol events. It implies
that the trends of hourly and high/low AOTs can be different
from the trends based on monthly and annual AOTs, and furthertudies are recommended to identify the causes in greater de-
ail. In the other regions changes in dominant aerosol types gen-
rally cause the changes in total AOT, though not signiﬁcant at
he 95% conﬁdence level. Unfortunately, there are practical lim-
tations to analyze the trends from AERONET-observed AOTs in
everal regions (i.e., Central and South America, Southern Africa,
sia and Australia) because the operational AERONET stations
roviding long-term data are too few to represent the regional
endencies over larger areas. Therefore, additional AERONET sta-
ions operated over extended periods would be desirable to sup-
ort studies of regional model-simulated and satellite-retrieved
OTs, and potential consequences for air quality and climate
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